Schizophrenia is a common and complex mental disorder. Hereditary factors are important for its etiology, but despite linkage signals reported to several chromosomal regions in different populations, final identification of predisposing genes has remained a challenge. Utilizing a large family-based schizophrenia study sample from Finland, we have identified several linked loci: 1q32.2-q42, 2q, 4q31, 5q and 7q22. In this study, an independent sample of 352 nuclear schizophrenia families (n = 1626) allowed replication of linkage on 7q21-32. In a sample of 245 nuclear families (n = 1074) originating from the same geographical region as the families revealing the linkage, SNP and microsatellite association analyses of the four regional candidate genes, GRM3, RELN, SEMA3A and VGF, revealed no significant association to the clinical diagnosis of schizophrenia. Instead, quantifiable trait component analyses with neuropsychological endophenotypes available from 186 nuclear families (n = 861) of the sample showed significant association to RELN variants for traits related to verbal (P = 0.000003) and visual working memory (P = 0.002), memory (P = 0.002) and executive functioning (P = 0.002). Trait-associated allele-positive subjects scored lower in the tests measuring working memory (P = 0.0004-0.0000000004), memory (P = 0.02-0.0001) and executive functioning (P = 0.001). Our findings suggest that allelic variants of RELN contribute to the endophenotypes of schizophrenia.
Introduction
Schizophrenia (OMIM 181500), a severe mental disorder with a lifetime prevalence varying from about 0.2 to 1.2%, 1 with a higher lifetime morbid risk in men, 2 is a complex disorder with both genetic and environmental factors contributing toward it. 3 Heritability estimates of the disease are high, among twins as high as 83-88%. 4 In genome-wide scans, numerous loci have shown linkage to schizophrenia, but very few studies have provided support for specific schizophrenia-associated variants for any candidate gene. [5] [6] [7] [8] [9] The unique Finnish population history 10 has resulted in the enrichment of many rare disease mutations. 11 Similarly, the enrichment of specific alleles predisposing to complex disorders, for example, schizophrenia, is plausible. 12, 13 This is supported by the fact that the lifetime prevalence of schizophrenia in Finland in general is 1.0%, 14 but in an internal isolate in the North-Eastern Finland the agecorrected lifetime morbid risk is as high as 3.2%. 15 Also the higher linkage disequilibrium found between genetic markers make the Finns an excellent study population for complex genetic studies. 16 The National Public Health Institute of Finland has collected a large family-based schizophrenia study sample. 15, [17] [18] [19] [20] [21] In this nationwide series of familial schizophrenia, the major chromosomal regions for linkage are 1q32.2-q42, 2q, 4q31, 5q and 7q22. [22] [23] [24] [25] On 1q42, we have reported a schizophrenia candidate gene DISC1, showing importance especially among males. 26 The Finnish schizophrenia locus on chromosome 7q22 was initially found in a sib-pair analysis of 52 Finnish families with a two-point LOD score of 3.18. 23 In addition, our genome-wide scan among 168 Finnish schizophrenia families with quantitative neuropsychological variables revealed linkage to semantic clustering as a learning strategy with a microsatellite marker on 7q21 (LOD = 2.13, D7S492). 19 In this study, we aimed to replicate the linkage on 7q22 in a large independent sample of 352 Finnish schizophrenia families, genotyped with microsatellite markers at an average intermarker interval of 6.1 cM. Additionally, we studied allelic variants of four functional and regional candidate genes: Metabotropic glutamate receptor 3 (GRM3) (OMIM 601115), Reelin (RELN) (OMIM 600514), Semaphorin 3A (SEMA3A) (OMIM 603961) and Nerve growth factor inducible (VGF) (OMIM 602186). Finally, we utilized detailed neuropsychological data from 186 families to test several quantitative cognitive traits, considered as valid endophenotypes 27 for schizophrenia.
Materials and methods

Study sample
The schizophrenia study sample of the National Public Health Institute of Finland, identified by using three nationwide registers as described previously, 15, [17] [18] [19] [20] [21] involves altogether 33 731 individuals, born between 1940 and 1976, and diagnosed with schizophrenia between 1969 and 1998. Of this series, 1655 nuclear families with at least two affected individuals were contacted by the treating physicians, and written informed consents were obtained. At the moment, DNA has been extracted from 3381 individuals from 731 nuclear families using standard methodology. 28 In this series, the best estimate lifetime diagnoses were confirmed by two, or three when necessary, independent psychiatrists and/or psychiatric residents based on the fourth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV). 29 One psychiatrist also completed the Operational Criteria checklist (OPCRIT) 30 for the affected individuals.
The patients in the sample were classified into four liability classes: LC1 consisting of schizophrenia only; LC2 adding schizoaffective disorder; LC3 adding other schizophrenia spectrum disorders (schizophreniform, delusional and brief psychotic disorder, and schizoid, schizotypal and paranoid personality disorder), and psychotic disorder not otherwise specified; LC4 adding major affective disorders.
At the moment, altogether 975 individuals from 292 families have also been interviewed with the Structured Clinical Interview for DSM-IV 31 and tested with a neuropsychological test battery as described previously. 17 Auditory attention was measured with the Digit Span forward test, and verbal working memory with the Digit Span backward test from the Wechsler Memory Scale -Revised (WMS-R). 32 Visual attention and visual working memory were assessed with the Visual Span forward and backward tests (WMS-R), respectively. Verbal learning and memory were tested with the California Verbal Learning Test (CVLT). 33 From the CVLT, the total recall from five trials was included as a measure of learning, and short delay recall and long-delay recall as measures of memory. Additionally, semantic clustering as a learning strategy, and perseverative and intrusive recall errors were included. Visual memory was assessed with immediate and delayed recall of the Visual Reproduction task from the WMS-R. The Stroop Task Interference Score was used as a measure of executive functions. 34 Vocabulary subtest was used as a measure of verbal ability, and Digit Symbol as a measure of psychomotor speed from the Wechsler Adult Intelligence ScaleRevised (WAIS-R). 35 In the replication of linkage, 352 independent nuclear families were used (Table 1a) , thus significantly expanding our original study demonstrating linkage to 7q22. 23 The families were divided into two geographic subcategories: families from the internal isolate (IS), 15, 36, 37 and outside the isolate (All Finland, AF). The inclusion criterion for the families from the isolate was at least one maternal and one paternal grandparent born in the municipality.
In the analysis of the regional candidate genes, 245 nuclear families outside the isolate (AF) were used, including 45 of the 52 families in the original linkage study 23 (Table 1b) . Additionally, 171 individuals from 57 anonymous trios (father-mother-child) were genotyped to define the haplotype blocks and allelic variation in the general Finnish population. The trio parents (n = 114) with unknown phenotypes were also included in association analyses as independent healthy controls, as the lifetime risk of schizophrenia is smaller in samples selected for parenthood than in unselected populations. 38, 39 Finally, the families with quantitative neuropsychological test data were studied. For the microsatellite analysis, this totalled up to 186 nuclear families from the replication sample and the original linkage sample 23 (Table 1c) . For the SNP analysis, data were available for 39 families consisting of 180 individuals, including 119 neuropsychologically tested subjects.
The study has been approved by the Ministry of Social Affairs and Health of Finland, the Ethics Committee of the National Public Health Institute of Finland, and the appropriate institutional review boards of the participating institutions.
Genotyping
In linkage analysis, 25 microsatellite markers (STRs), spanning a region of 154.1 Mb with an average intermarker interval of 7.4 cM on chromosome 7, were selected from the CHLC-6 set ( Table 2 ). Additional five intragenic markers within the RELN gene, identified by sequencing by Millennium Pharmaceuticals Inc. (Cambridge, MA, USA) were included. The genetic distances were derived from the Marshfield meiotic map. For the proprietary intragenic RELN markers, the Human Genome Browser 40 was used to estimate the map distances by presuming the equivalence of 1 Mb to 1 cM.
In the candidate gene analysis, SNPs within the four candidate genes were selected by using the public application SNPper. 41 The selected SNPs were bi-allelic, validated and present in multiple databases. Primarily, SNPs validated in Caucasian populations and having a minimum minor allele frequency of 10% were selected. A total of 23 SNPs were genotyped, of which four were within GRM3, ten within RELN, seven within SEMA3A and two flanking VGF (Table 3 ). Sequenom's homogenous Mass Extend (hME) MassARRAY technology (Sequenom, San Diego, CA, USA) was utilized for genotyping. The PCR and extension primers were designed using SpectroDESIGNER version 2.0. SNPs were genotyped in 384-well plates in 3-4-plex reactions according to manufacturer's instructions. The quality of genotyping was ensured by including eight water controls, and eight duplicated DNA samples on every plate. PCRs were performed in a total reaction volume of 5 ml using 7.5 ng of genomic DNA. The alleles were automatically called by Sequenom's MassARRAY Typer software and verified by two independent reviewers. PedCheck 42 was used to detect Mendelian errors. The Hardy-Weinberg equilibrium with a threshold P-value of 0.01 was tested with non-related individuals by Pedstats. 43 The reliability of the genotyping results was further verified with the multipoint error detection feature of Merlin, 44 which identifies possible problematic genotypes using all the genotype information simultaneously.
Statistical analysis
The linkage disequilibrium (LD) between microsatellite markers and SNPs was estimated in independent individuals (one individual per family) using ldmax 45 as implicated in the software package GOLD. 46 The LD between SNP markers and the haplotype block boundaries of the genes were estimated in the anonymous trio sample founders (n = 114) using Haploview. 47 The haplotype blocks were defined according to the 'solid spine of LD' algorithm, in which the first and last markers in a block are in strong LD with all the intermediate markers, but the intermediate markers are not necessarily in LD with each other.
Two-point linkage and association analyses were performed with Pseudomarker, 48 which performs separate and joint linkage and linkage disequilibrium analyses testing each marker locus against a phenotype-based 'pseudomarker' locus. This likelihoodbased analysis method, numerically equivalent to Abbreviations: AF, families outside the internal isolate; IS, families from the internal isolate; LC, liability class; QTL, quantitative trait locus.
(a) The replication sample excludes original 52 families demonstrating linkage to 7q22. 23 (b) The association analysis sample is nested within families originating from the AF region in the replication sample and the original linkage sample. 23 (c) The QTL analysis sample is nested within the total replication sample and the original linkage sample. 23 Association of Reelin with working memory J Wedenoja et al model-free analysis, uses efficiently mixed data sets of singletons and various pedigrees. In the linkage analysis, default dominant and recessive models with no phenocopies and low gene frequency were used. The association analysis was performed assuming linkage due to the prior information on the region being linked.
The nonparametric single-and multipoint linkage analyses were performed with SimWalk2 49-51 after preparation of files with Mega2, 52 and results were confirmed with MERLIN 44 using the helper program AUTOGSCAN. 53 The tagging SNPs from each haplotype block, as defined by Haploview, 47 were used for constructing the haplotypes, and haplotype association analysis was performed with TRANSMIT 54 by using bootstrapping method with 100 000 replicates. Alleles and haplotypes with frequencies of less than 3% were pooled together.
The linkage and association analyses were performed on affecteds-only basis, that is the phenotypes of individuals with unknown affection status were treated as unknown, except for the trio parents included in the association analysis as healthy controls. All linkage and association analyses were performed for liability classes LC1-LC3.
For the quantitative trait analysis, the QTDT software 55 was used with the 'total association' option, which is not a TDT test, but extracts information from all meioses, after population stratification was excluded as a source of false-positive findings with the 'population stratification' option. Sex, age and affection status according to LC3 were used as covariates. LC3 was selected as it is the broadest liability class in which all the patients have a schizophrenia spectrum disorder, and thus virtually all have a history of psychosis, which is known to correlate with poorer cognitive function. 56, 57 As variance components, 'polygenic', 'non-shared environment', 'common environment' and 'nuclear family environment' were used. The proportion of alleles shared identicalby-descent was estimated with MERLIN. 44 The multipoint computation was used to extract maximal inheritance information from the pedigrees. For microsatellite markers, both global and allele-specific P-values were calculated.
The significance of differences in neuropsychological tests was estimated with the Generalized Estimation Equation (GEE) model 58 using the package 'gee' 59 of R version 2.3.1, 60 allowing to take the family correlation into account as an interpretative factor for test performance similarities. Sex, age and affection status according to LC3 were used as covariates. When comparing only one individual per family in a case-control manner, the Mann-Whitney U-test was used. The number of affected individuals among traitassociated allele positives and negatives was compared using the standard w 2 test.
Results
Replication of linkage of schizophrenia to 7q22
We analyzed 352 independent families not included in the initial linkage study 23 with 30 microsatellite markers across the full length of chromosome 7 (Tables 1a and 2 ). In two-point analysis, we detected the highest LOD dom score of 0.82 for RELN intragenic marker RELNSAT2, using the schizophrenia spectrum (LC3) as a diagnostic criterion, and the highest LOD dom score of 0.65 for marker D7S2204, using core schizophrenia (LC1). In multipoint analysis, we detected the highest SimWalk2 multipoint NPL score of 1.83 between markers D7S821 (7q21.3) and D7S1804 (7q32.3) using LC3 (Figure 1) , and the highest NPL score of 1.38 using LC1 (data not shown).
We continued the analysis dividing the families into two categories: 96 families originating from the IS, and 256 families AF. The IS subsample revealed no significant linkage to chromosome 7. In the AF subsample, we detected the highest two-point LOD dom score of 0.63 for RELN intragenic marker RELNSAT2 using LC3, and the highest LOD dom score of 0.55 for marker D7S1804 using LC1. In multipoint analysis, we detected the highest SimWalk2 multipoint NPL Figure 1 ) and 1.55 using LC1 (data not shown).
We detected similar patterns of linkage with slightly lower linkage scores using LC2 as using LC3 (data not shown). The confirmation analyses with MERLIN consistently showed similar patterns of linkage in all classes (LC1-LC3) (data not shown).
Study on regional candidate genes with diagnostic clinical categories as outcome LD structures of the genes in Finns. To study the allelic diversity of the four functional candidate genes GRM3, RELN, SEMA3A and VGF, we analyzed a total of 23 SNPs within these genes in 114 anonymous Finnish trio founders. In GRM3 we estimated one, in RELN two, and in SEMA3A two haplotype blocks. Generally, the estimated Finnish haplotype block structures agreed with the haplotype block structures of the Caucasian population sample of the HapMap data (CEU). 61 The LD information of the markers is presented in the Supplementary Material.
Association analysis of the dichotomized diagnostic categories. We genotyped all the SNPs in 45 families from the original 52 families showing linkage to 7q22. In association analyses we also utilized the intragenic RELN microsatellites. Three of the analyzed SNPs, of which two were within RELN (rs885995 and rs661575), and one within VGF (rs1006507), showed putative association to schizophrenia (P < 0.05; LC3) (data not shown).
To increase the power of association analyses, we genotyped additional 200 schizophrenia families from the AF region, since these families contributed most to the linkage signal to 7q22 (Figure 1) , adding the total number of study subjects upto 1074 individuals from altogether 245 families (Table 1b) . No significant evidence for association to schizophrenia was seen with any of the SNP markers or haplotypes in the complete study sample, nor when information was extracted only from males or females (data not shown). The RELN intragenic STRs also showed no evidence for association (data not shown).
Association of RELN to quantitative cognitive features
We next performed the analysis of quantitative neuropsychological variables for those families with both trait information and genotypes of the RELN intragenic microsatellites available (Table 1c) . Of the five microsatellites, the 'AATA' tetranucleotide repeat RELNSAT6 showed significant association to verbal working memory with a global P-value of 0.003. In the allele-specific analysis, the longest detected RELNSAT6 allele showed significant associations to several traits related to verbal and visual working memory, learning and memory traits, as well as executive functioning (Table 4 ). The frequency of the trait-associated allele was 2.2% in our sample, and the number of trait-allele positives with QTL data available was 23, from altogether 13 families, including one homozygote affected with bipolar type I disorder with psychotic features (LC4). All the traitallele positives were from the AF region, and 12 of them were affected with schizophrenia spectrum disorders (LC3). Interestingly, the trait-associated allele was totally missing among the isolate subsample (IS), whereas its frequency was 4.2% in the AF subsample.
We next divided the sample into trait-allele positives and negatives, totalling upto 23 and 527 individuals, respectively, and analyzed the performance difference for the 12 traits showing some evidence of association (P < 0.10). The analysis using the GEE model revealed significant differences in test performance between trait-allele positives and negatives, especially in tests measuring verbal and visual working memory, learning, memory and executive functioning (Table 5 ). To eliminate the familial effect and to diminish the effect of age, we next selected only the youngest trait-allele positive or negative from each family, resulting in 12 and 169 unrelated individuals, respectively, and estimated the performance differences between the groups using the Mann-Whitney U-test. The performance differences remained significant for tests measuring verbal (P = 0.005) and visual (P = 0.003) working memory, and memory (P = 0.02), and the overall trend in test performance remained for all the tested traits (data not shown).
We also performed analyses separately in the AF and IS subsamples (Table 1c) . As expected, no significant association was found in the IS subsample, whereas in the AF subsample the longest allele of RELNSAT6 showed significant association in traits related to verbal (P = 0.000006) and visual (P = 0.008) working memory, learning (P = 0.03), memory (P = 0.002) and executive functioning (P = 0.007). In addition, one allele of RELNSAT7 revealed significant association to traits related to verbal working memory (P = 0.003) and visual attention (P = 0.0009). The frequency of the trait-associated allele was 41.2% in the AF subsample. When the AF subsample was divided into homozygous RELNSAT7 trait-allele positives (n = 49), heterozygous trait-allele positives (n = 147) and negatives (n = 101), the GEE model analysis revealed significant difference between homozygous trait-allele positives and negatives in the test measuring verbal working memory (P = 0.01) (data not shown). The RELNSAT6 and RELNSAT7 showed some intermarker LD (D 0 = 0.78). Owing to low number of the RELNSAT6 traitassociated allele positives, the sample was not further divided in the QTL analysis according to sex or affection status of the individuals. However, in the replication sample 54.1% of the trait-allele positives compared to 39.6% of the negatives were affected with schizophrenia spectrum disorders (LC3), with a suggestive P-value of 0.01 in the w 2 test. In line with the RELN microsatellite association findings, altogether five SNPs within RELN (rs144525, rs123713, rs123714, rs885995 and rs661575) showed some evidence for association to several traits measuring visual attention (P = 0.01, rs144525; P = 0.0006, rs885995), visual learning and memory (P = 0.03, rs123713; P = 0.005, rs661575) and ability functions (P = 0.05, rs123713; P = 0. 
Discussion
Lack of positive results in gene identification using the clinical diagnoses of psychiatric disorders has increased interest towards quantifiable traits and endophenotypes. 27 For schizophrenia, the most convincing neuropsychological endophenotypes include attention, verbal and visuo-spatial related working memory and learning. 17, 18, 56, [62] [63] [64] In this study, we replicated the previous linkage of schizophrenia on 7q22 23 in an independent series of 352 Finnish nuclear families. In agreement with the original study, families from an internal isolate did not contribute to this linkage signal, whereas the best NPL score of 2.44 was observed among the families outside the isolate (LC3). Although the selected candidate genes showed no association to the dichotomized clinical diagnosis of schizophrenia, the quantifiable trait component analysis revealed significant association of RELN for several cognitive traits, known to be affected in schizophrenia. These results might imply that quantitative traits provide more power for the data analysis and may thus help in the identification of schizophrenia-related genes.
The schizophrenia-linked region of this study, 7q21-32, involves numerous excellent candidate genes, of which the four most relevant ones were selected for association studies. GRM3 is putatively associated with glutamatergic dysfunction in schizophrenia. [65] [66] [67] [68] [69] RELN is involved in the regulation of neuronal migration during the brain development, 70 after which it contributes to synapse remodelling. 71 Reduced RELN expression appears not only in schizophrenia but also in autism, bipolar disorder, major depression, Alzheimer's disease and lissencephaly. 72 Moreover, RELN promoter-region hypermethylation 73, 74 and decreased levels of RELN mRNA and protein have been detected in postmortem schizophrenic brains. [75] [76] [77] SEMA3A is involved in axon guidance, and regulates dendritic attraction. 78 While RELN has trophic functions, SEMA3A possesses primarily inhibitory ones and shows increased brain expression in schizophrenia. 79 Association of Reelin with working memory J Wedenoja et al Table 4 The allele-specific P-values of QTDT analysis in the whole sample using sex, age and affection status according to LC3 as covariates All the trait-allele positives perform poorer than trait-allele negatives. Only P-values below 0.10 are shown. P-values < 0.01 are shown in bold.
Association of Reelin with working memory
J Wedenoja et al VGF shows a wide pattern of expression in the nervous system, 80, 81 especially during the organization of the cerebellum and synaptogenesis. 82, 83 We failed to show association to any of the candidate genes according to the dichotomized clinical diagnosis of schizophrenia and schizophrenia spectrum disorders among 245 schizophrenia families, originating from the same geographical region as the families revealing the linkage to 7q21-32. With the markers used, we had fairly good coverage of the allelic diversity of the four studied genes. Among the four SNPs in GRM3, two have been previously associated with schizophrenia in different populations, and the other two are in the immediate vicinity of SNPs associated previously. [67] [68] [69] Our negative results are, however, in line with the studies in German and UK samples. 84, 85 Regarding SEMA3A and VGF, evidence on association to schizophrenia are according to our best knowledge non-existent, in agreement with these results.
We found a strong association between an intragenic microsatellite marker of RELN and multiple quantitative traits related to working memory and memory, as well as executive functioning, supported by additional association findings with multiple RELN intragenic SNPs. The possible caveats of our study lie in the use of the ascertained family sample, which possibly diminishes the overall variation in quantitative traits, 86 and in the statistical bias, as the associated microsatellite allele is rare at the population level. In this study, however, the neurocognitive trait values were available from a reasonably large series, of which the majority of individuals had no known diagnosis of psychiatric condition. In the QTL analysis, the total number of trait-allele positives was reasonable (n = 23), and the measured performance difference was significant. Roughly half of these individuals had a diagnosis of a schizophrenia spectrum disorder (n = 12, LC3), and interestingly the schizophrenia spectrum disorders were more prevalent among all the trait-allele positives in the whole replication sample. Additionally, in agreement with the lack of evidence for linkage in the isolate, we found the identified risk allele to be totally absent in that subsample.
Our finding is in line with evidence on relevant RELN functions in both maturation of the brain as well as its plasticity by synapse remodelling, 70, 71, [87] [88] [89] [90] [91] crucial for cognitive abilities. 92 Also a recent mouse study, 93 as well as our previous QTL genome-wide study on the same Finnish families, 19 provide further support for the role of RELN in learning and memory processes. The susceptibility to schizophrenia, however, emerges likely from the additive or multiplicative effects of multiple genes acting simultaneously, and no particular combination of specific susceptibility variants or even genes may be characteristic to all affected individuals, especially in families not sharing the same ancestry. 6 Additionally, some of the susceptibility variants are supposedly relatively common and have a small individual effect, which implies that their combinations and joint effects with environmental factors produce the vulnerability in an additive fashion. 94 Thus the same mechanisms and genetic variants possibly enriched in our familial cases may not apply to all cases, including the sporadic ones, and vice versa. While future studies are needed to assess further the role of RELN in the pathogenesis of schizophrenia, our results, in addition to the established pathways and essential functional properties of RELN, suggest that allelic variation in RELN predisposes to schizophrenia-related cognitive impairments.
